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Abstract
The self ﬁeld critical current density, ﬂux relaxation rate and accommodation ﬁeld is studied in ternary rare earth (RE)
barium cuprate thin ﬁlms made by PLD on STO, with RE=Nd, Sm and Gd. By systematically changing the substitution
level of Nd and Sm in GdBCO ﬁlms, we found that the accommodation ﬁeld at low temperature is increased due to the
substitution. However, the decay of the self ﬁeld critical current density and less eﬀective pinning at higher temperature
make the high level substituted ﬁlms less attractive compared with the low level substituted ﬁlm from the application
point of view.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
Rare earth (RE) substitution is one way to introduce artiﬁcial pinning centers into REBa2Cu3O7−δ (RE-
BCO) superconducting thin ﬁlms in order to increase the critical current density Jc, especially Jc in magnetic
ﬁeld. MacManus-Driscoll et al. [1] have made diﬀerent (RE1,RE2)BCO ﬁlms with the average RE ion size
equal to that of YBCO and found that in ﬁlms with small but non-zero variance of ion size, Jc in ﬁeld is in-
creased. Experiments with increase x in (YxRE1−x)BCO materials in both bulk [2] and thin ﬁlm [3] systems
have also shown that at x close to but not equal to 0 or 1, the self ﬁeld Jc is increased compared with that of
the pure material while in the region where x is close to 0.5, a decrease of self ﬁeld Jc is found. The extra
pinning in the RE substituted systems is attributed to the strain caused by the diﬀerent RE ion sizes [2, 4].
Ternary RE (Nd1/3Sm1/3Gd1/3)BCO thin ﬁlms have also been studied and the in ﬁeld Jc is found increased
compared with GdBCO [4, 5, 6]. However, to the best of our knowledge, the dependence of the pinning
behaviour on systematically variations of the substitution level in ternary systems has not been studied. We
have deposited (NdxSmxGd1−2x)BCO thin ﬁlms with x = 0, 0.1, 0.25 and 0.33 by pulsed laser deposition
(PLD) and found a similar increase of relative Jc in ﬁeld with substitution but a decrease of self ﬁeld Jc for
x = 0.25 and 0.33. Interestingly, we found quite diﬀerent temperature dependences of the pinning behaviors
for ﬁlms with low x and high x.
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2. Experimental details
The ﬁlms studied here are deposited by PLD on STO single crystal substrates at 760 ◦C. For diﬀerent
compositions, we used diﬀerent oxygen partial pressures PO2 and chose the optimized conditions according
to the self ﬁeld Jc calculated from AC susceptibility measurements. The optimized deposition PO2 as well as
the self ﬁeld Jc at 10 K and 77 K are listed in Tab. 1. For the ﬁlms with Nd and Sm, we have to signiﬁcantly
reduce PO2 to produce good ﬁlms compared with the pure GdBCO one. This is reasonable since the melting
temperature at the same PO2 for REBCO with larger RE ions, such as Nd and Sm, are higher than that of
GdBCO. Here we keep the temperature constant but lower the PO2 to compensate instead. For x = 0.25,
with PO2 ≤ 5 Pa we can not get ﬁlms with critical temperature Tc higher than 77 K.
The magnetization and relaxation measurements are done with a cryogen free measuring system (CFMS)
from Cryogenic Ltd.. The relaxation measurements are done as follows, we ramp the ﬁeld to a certain value,
wait around 1 min for the ﬁeld to stablize then begin to record the magnetic moment data, for 500 s. The
ramping rate is 0.1 T/min for ﬁelds lower than 1 T and 0.5 T/min for ﬁeld above 1 T, the ramping rate
does not produce eﬀects on the results and is just related to the superconducting magnet itself. The low
temperature critical current density is calculated using Bean model [7] with the hysteresis loop measured
in a ramping process, with the ramping rate similar to that used in the relaxation measurements for below
and above 1 T, respectively. The AC susceptibility measurements, except for the ﬁlm with x = 0.33, were
also done in the CFMS, with applied AC ﬁeld amplitude Ha = 0.5 mT, frequency f = 21 Hz. The AC
susceptibility measurements for the ﬁlm with x = 0.33 was done in a LakeShore 7000 susceptometer, with
Ha = 0.1 mT, f = 21 Hz.
3. Results and discussions
Table 1. Composition, oxygen partial pressure PO2, thickness d, self ﬁeld Jc at 10 K and 77 K, H0 and T1 (ﬁtting parameters from Eq.
2) of the ﬁlms.
x PO2 (Pa) d (nm) Jc(10 K,0 T) Jc(77 K,0 T) H0 (mT) T1 (K)
0 40 250 19.9 2.9 86 63.9
0.1 2 200 21.8 2.5 191 55.2
0.25 10 245 3.3 0.2 306 26.7
0.33 2 285 6.7 0.4 160 27
With the measured temperature dependence of AC susceptibility χ(T ), we calculated the self ﬁeld Jc in
the high temperature range (symbols with lines in Fig. 1), using the equation [8];
Jc = 1.9Ha|χ′|0.69/d (1)
where χ′ is the real part of the AC susceptibility normalized to the low temperature limit of the real part,
which means χ′ = −1 at low temperatures, and d is the thickness of the ﬁlm. Together with the Bean model
calculated self ﬁeld Jc at lower temperatures (open symbols in Fig. 1), we know the temperature dependence
of Jc of the ﬁlms. The self ﬁeld Jc follows a power law relation with the parameter 1 − T/Tc. The power
law behavior is consistent in a large temperature range. We ﬁnd that Jc for the ﬁlm with x = 0.1 is not
much diﬀerent compared with that of the unsubstituted ﬁlm. At low temperatures, the x = 0.1 ﬁlm has a
higher Jc. But with larger substitution level, the self ﬁeld Jc value is decreased a lot, especially for the ﬁlm
with x = 0.25. These results are in agreement with former experiments in that small amounts of substitution
[2, 3], or small variance of the RE ion size [1] is helping to increase Jc. However with larger substitution
level, Jc falls bellow the unsubstituted value.
Using the Bean model, we derived the ﬁeld dependence of the critical current density Jc(H) from the
hysteresis loop measured with ﬁeld perpendicular to the ﬁlm surface. The Jc(H) curves for the ﬁlm with
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Fig. 1. Temperature dependence of the self ﬁeld Jc measured
by AC susceptibility (high temperatures, symbols with lines)
and DC magnetization method (low temperatures, symbols
only).
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Fig. 2. Field dependence of the ﬁlm with x = 0 at diﬀerent
temperatures. The accommodation ﬁelds are marked as stars
in the plot.
x = 0 at diﬀerent temperatures are shown in Fig. 2, where we can ﬁnd the accommodation ﬁeld H∗ deﬁned as
the ﬁeld at which Jc falls to 90% of the self ﬁeld value. We plot the accommodation ﬁeld against temperature
in Fig. 3, where the decrease of the accommodation ﬁeld with increasing temperature is close to a negative
exponential relation for the temperatures lower than 0.8 Tc, appearing as straight lines in a logarithmic plot.
Similar negative exponential relations between the accommodation ﬁeld and the temperature have also been
found in other works [9, 10],
H∗(T ) = H∗0exp(−T/T1) (2)
We ﬁtted the experimental data where T is lower than 0.8 Tc to Eq. (2). The 2 ﬁtting parameters, H∗0 and
T1 are listed in Tab. 1. H∗0 is the extrapolation of the accommodation ﬁeld to 0 K, and T1 is the temperature
where H∗ decays to 1/e of H∗0, which indicates the decay rate of the accommodation ﬁeld. We ﬁnd out
that the ﬁlms with Nd and Sm substitution have a higher H∗0 value which indicates higher pinning sites
density. On the other hand, a lower T1 value, thus a faster decay of the accommodation ﬁeld with increasing
temperature is found in the ﬁlms with high RE substitution level. However, with small amount of Nd and
Sm substitution, namely x = 0.1, T1 of H∗ with increasing temperature is not too much smaller compared
with the pure GdBCO ﬁlm.
Combining both the self ﬁeld Jc and the ﬁeld dependence of Jc we found that the ﬁlm with x = 0.1 has a
superior Jc in ﬁeld compared with the pure GdBCO one. Especially at low temperatures, both the self ﬁeld
and in ﬁeld Jc are higher in the x = 0.1 ﬁlm. On the other hand, the self ﬁeld Jc’s of the ﬁlms with x = 0.25
and 0.33 are so small that in all the ﬁeld range up to 5 T, their critical current density is lower than in the
pure GdBCO ﬁlm.
To further study the pinning properties of the ﬁlms, we performed the relaxation measurements, where
we measured the decay of magnetization M of the ﬁlm under constant applied ﬁeld H. The relaxation rate
S is deﬁned as [11],
S =
1
M
dM
dt
=
d ln M
d ln t
(3)
Comparing the relaxation rates measured at 10 K, 50 K and 77 K, as in Fig. 4, 5 and 6, we found a faster
increase of S for the ﬁlms with x = 0.25 and 0.33 with increasing temperature compared with the ﬁlms with
x = 0 and 0.1. Since higher S is an indication of weaker pinning, a fast increase of S is unfavorable for the
ﬁlms at high temperatures.
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Fig. 3. Temperature dependence of the accommodation ﬁeld
H∗ for ﬁlms with diﬀerent compositions.
0.001 0.01 0.1 1 10
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
μ0H (T)
S
 
 
x=0
x=0.1
x=0.25
x=0.33
Fig. 4. Relaxation rate S as a function of magnetic ﬁeld H,
measured at 10 K for diﬀerent ﬁlms.
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Fig. 5. Relaxation rate S as a function of magnetic ﬁeld H,
measured at 50 K for diﬀerent ﬁlms.
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Fig. 6. Relaxation rate S as a function of magnetic ﬁeld H,
measured at 77 K for diﬀerent ﬁlms.
At 10 K, where the magnetic moment of the sample is large and the uncertainty of the measured S
is small, we ﬁnd that the ﬁeld dependence of S is composed of a ’plateau’ at lower ﬁeld followed by an
increase at higher ﬁeld. Interestingly, in the plateau region, a ﬁlm with higher self ﬁeld Jc also has a lower
S . In the plateau region, the main pinning mechanism is the individual pinning, so Jc is reached when the
Lorentz force on one vortex JΦ0 is comparable to the pinning force, with Φ0 as the ﬂux quantum. Thus the
self ﬁeld Jc is determined by the pinning force, which is related to S . Our experimental data on self ﬁeld Jc
and S is in agreement with the individual pinning picture. In the increasing region of S , the pure GdBCO
ﬁlm has a higher S than all the RE substituted ﬁlms. This can be related to the higher pinning sites density
in the substituted ﬁlms.
4. Conclusions
We have made PLD (NdxSmxGd1−2x)Ba2Cu3O7−δ thin ﬁlms on STO with x = 0, 0.1, 0.25 and 0.33. It
is found that with the Nd and Sm substitution, the ﬁlms tend to have a higher accommodation ﬁeld H∗.
On the other hand, the self ﬁeld Jc is decreased with high x such as 0.25 or 0.33. Also, the decay of the
accommodation ﬁeld as well as the increase of the relaxation rate with increasing temperature is faster in
ﬁlms with larger x. From the application point of view, too high substitution level is not favorable for
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REBCO thin ﬁlm, however small amount of substitution can bring improvement for the in ﬁeld Jc. These
results in the ternary REBCO thin ﬁlm system are in agreement with former results obtained in binary
REBCO thin ﬁlms.
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